Increasing attention has been paid to the role of inflammation in a host of illnesses including neuropsychiatric disorders such as depression and anxiety. Activation of the inflammatory response leads to release of inflammatory cytokines and mobilization of immune cells both of which have been shown to access the brain and alter behavior. The mechanisms of the effects of inflammation on the brain have become an area of intensive study. Data indicate that cytokines and their signaling pathways including p38 mitogen activated protein kinase have significant effects on the metabolism of multiple neurotransmitters such as serotonin, dopamine and glutamate through impact on their synthesis, release and reuptake. Cytokines also activate the kynurenine pathway which not only depletes tryptophan, the primary amino acid precursor of serotonin, but also generates neuroactive metabolites that can significantly influence the regulation of dopamine and glutamate. Through their effects on neurotransmitter systems, cytokines impact neurocircuits in the brain including the basal ganglia and anterior cingulate cortex, leading to significant changes in motor activity and motivation as well as anxiety, arousal and alarm. In the context of environmental challenge from the microbial world, these effects of inflammatory cytokines on the brain represent an orchestrated suite of behavioral and immune responses that subserve evolutionary priorities to shunt metabolic resources away from environmental exploration to fighting infection and wound healing, while also maintaining vigilance against attack, injury and further pathogen exposure. Chronic activation of this innate behavioral and immune response may lead to depression and anxiety disorders in vulnerable individuals.
Introduction
The role of inflammation as a common mechanism of disease including disorders such as cardiovascular disease, diabetes and cancer has been considered one of the major insights of the decade. [1] [2] [3] The extension of this important revelation to neuropsychiatric disorders is now beginning to have a major impact in the disciplines of Psychiatry and Neurology, as researchers and clinicians alike are recognizing the importance of immune and inflammatory processes in neurodegenerative disorders, mood and anxiety disorders as well as schizophrenia. [1, [4] [5] [6] Probably, the greatest area of focus to date in Psychiatry has been on the potential role of the activated immune system in depression. [7, 8] Certain patients with major depression have been shown to exhibit all the major features of an activated immune response including increases in inflammatory cytokines in the blood and cerebrospinal fluid, and increases in blood concentrations of acute phase proteins, chemokines and adhesion molecules. [7] All of these molecules play critical roles in the highly orchestrated innate immune inflammatory response that begins with the recognition of a "danger" signal in the form of a pathogen or the cellular constituent of a damaged or dead cell, which triggers pattern recognition receptors on phagocytic cells like macrophages to release cytokines that mediate the local inflammatory response. [9, 10] This response in turn serves to recruit relevant cell types and the release of molecules that can contain the pathogen, limit tissue damage and destruction and initiate the wound healing process. Depending on the degree or the extent of the inflammatory stimulus (e.g. a significant local injury or widespread lesions, such as the arterial plaques in atherosclerotic heart disease), the inflammatory response can go systemic, leading to the release of clinically relevant amounts of cytokines into the peripheral circulation, which can both activate the production of acute phase proteins from the liver and ultimately access the brain.
Based on the data in depression, it is apparent that only a subgroup of depressed patients exhibit increased inflammatory markers, suggesting that inflammation is one of a number of pathways that can contribute to depression. Patients who are more likely to show increased inflammation include those with treatment resistance, a history of childhood maltreatment, and obesity. [11] [12] [13] These associations are in part due to 1) the ability of cytokines to sabotage and circumvent mechanisms of action of conventional antidepressant agents including cytokine effects on neurotransmitter function and synaptic plasticity (e.g. neurogenesis); [7] 2) the capacity of psychosocial stress to activate inflammatory signaling pathways, in part through stimulation of the sympathetic nervous system, [14] and 3) the inflammatory nature of fatty tissue which contains high levels of activated macrophages responding to expanding fat cells that have outstripped their oxygen supply and have thereby become ischemic and endangered. [12] Regarding which inflammatory measures are the most likely to be increased, at least 4 meta-analyses and/or reviews of the hundreds of papers published in this area have concluded that interleukin (IL)-6, tumor necrosis factor (TNF) and c-reactive protein (CRP) are the most reliably elevated in patients with major depression. [15] [16] [17] [18] [19] It should be noted however that these findings may stem from factors related to assay sensitivity and the relative abundance of these cytokines in the peripheral circulation and a prominent role of other cytokines in psychopathology cannot be excluded.
As far as anxiety disorders are concerned, less attention has been paid to these diseases, although it is clear that like depression, many patients with anxiety disorders also exhibit an inflammatory phenotype. Probably the best studied to date is Post Traumatic Stress Disorder (PTSD), where a number of studies have demonstrated increases in inflammatory cytokines and their signaling pathways, including nuclear factor kappa B (NF-kB), which is a lynchpin molecule in the initiation of the inflammatory cascade and has been shown to be exquisitely stress responsive. [20, 21] Increases in inflammatory markers have also been documented in other anxiety-related conditions including panic disorder and obsessive-compulsive disorder as well as anxiety-related personality dimensions and diagnoses such as neuroticism and borderline personality disorder. [22] [23] [24] [25] In addition to evidence that patients with depression and anxiety disorders have increased markers of inflammation, a second body of evidence that supports the potential role of inflammation in depression and anxiety are data that administration of inflammatory stimuli can lead to symptoms of these disorders. Probably the best studied in this regard are patients receiving chronic administration of the inflammatory cytokine, interferon (IFN) alpha. IFNalpha is used to treat cancer and infectious diseases including hepatitis C, however between 30-50% of patients administered IFN-alpha develop significant depressive symptoms as well as anxiety depending on the dose. [5, 26] Indeed, almost 50% of patients treated with high dose IFN-alpha for malignant melanoma were found to meet symptom criteria for major depression. [27] Of note, many of the mood and anxiety symptoms induced by IFN-alpha can be blocked by pretreatment with selective serotonin reuptake inhibitors (SSRI), indicating that these symptoms may be related to cytokine effects on serotonin metabolism. [27] Consistent with these data, patients with the short allele of the serotonin transporter gene, which imparts increased sensitivity to effects of stress on behavioral outcomes, are at increased risk of developing depression during IFN-alpha administration. [28, 29] In contrast to mood and anxiety symptoms, IFN-alpha-induced neurovegetative symptoms including fatigue and psychomotor retardation are less responsive to SSRI treatment, suggesting that distinct neurotransmitter systems and potentially neurocircuits may be involved in the variety of IFN-alpha-induced symptoms. [26] In addition to data from IFN-alpha-treated subjects, data using other inflammatory stimuli in humans including the administration of endotoxin or typhoid vaccination to healthy volunteers has been shown to lead to behavioral changes including symptoms of depression and anxiety. [30] [31] [32] [33] [34] The third body of data that supports the association of inflammation with symptoms of depression and anxiety are studies that have used drugs that inhibit inflammatory cytokines or their signaling pathways to reduce depression and anxiety. These studies, which are far fewer in number than the correlational studies noted above, address more directly the cause and effect relationship between inflammation and behavioral disturbances. The largest study to date in this regard is a double blind placebo controlled trial of the TNF inhibitor, etanercept, in patients with psoriasis. [35] Patients treated with etanercept (n=311) showed a significant improvement on the Beck Depression Inventory compared to patients who received placebo (n=309). Of note, the improvement in depressive symptoms was independent of improvement of other disease-related symptoms including joint pain and skin lesions. Unfortunately, the sample was not primarily depressed, and the difference in BDI scores between groups was less than 2 points. More recently, the TNF inhibitor infliximab was given to patients with treatment resistant depression in a randomized placebo controlled trial. [36] In this study, infliximab reduced depression and anxiety symptoms, but only in patients with increased inflammation as measured by CRP. This study which included 30 subjects per group was underpowered to detect significant differences in the subsample of individuals with high inflammation (CRP >5mg/L)(n=22). However, the identification of an inflamed subgroup of depressed patients that might be especially responsive to an immunetargeted therapy is promising regarding the personalization of treatment of mood and anxiety disorders. Finally, several smaller studies have indicated that administration of antiinflammatory agents including cyclooxygenase 2 inhibitors or acetylsalicylic acid may have antidepressant efficacy. [37] [38] [39] Taken together, these preliminary findings indicate that inhibition of inflammation may have antidepressant properties but potentially only in the subgroup of patients with increased inflammatory markers.
Inflammatory Access to the Brain
Given the findings that depression and anxiety are strongly linked with increased inflammation, possibly in a cause and effect manner with translational implications, there has been great interest in how peripheral inflammatory responses access the brain. In general there have been 3 major pathways that have been described, all of which appear to be relevant both in the context of the administration of an inflammatory stimulus and the exposure to stress. These pathways include 1) "humoral" routes that involve passage of circulating cytokines through leaky regions in the blood brain barrier such as the circumventricular organs and active transport of circulating cytokines into brain parenchyma via cytokine specific saturable transporters, [40] 2) a neural route which involves activation of cytokine receptors on afferent nerve fibers that then transduce cytokine signals to the brain [41, 42] and 3) a cellular route whereby chemokines released by activated microglia, the primary inflammatory cell type in the brain, and adhesion molecules expressed in the CNS can attract activated peripheral cell types including monocytes and T cells to the meninges and brain parenchyma. [43, 44] These data, derived almost exclusively from animal models, are consistent with human studies that have indicated that administration of peripheral cytokines such as IFN-alpha to patients with hepatitis C is associated with activation of a central inflammatory response associated with increased cerebrospinal fluid (CSF) concentrations of IL-6 and the chemokine, monocyte chemoattractant protein-1 (MCP-1), [45] which has been shown to attract monocytes to the brain in the context of peripheral immune activation. [43] This activation of a central inflammatory response has also been shown to correlate with changes in neurotransmitter metabolism and stimulation of the kynurenine pathway leading to increases in CSF concentrations of the neuroactive metabolites kynurenic acid and quinolinic acid (see below). [45, 46] One major drawback in the research on the link between peripheral and central inflammation is the limited availability of neuroimaging techniques and ligands [e.g. for positron emission tomography (PET)] that can detect inflammation in the brain in humans with subtle neuroinflammatory responses, as might be expected in patients with depression and anxiety disorders. For example, available PET ligands including PK1195 which binds to the translocator protein (TSPO), formerly known as the peripheral benzodiazepine receptor, that is upregulated in activated microglia, can only detect marked increases in CNS inflammatory responses typically associated with end stage diseases in which significant CNS cellular damage and death has occurred such as in late stage neurodegenerative disorders including Parkinson's disease, Alzheimer's disease, and multiple sclerosis (MS) as well as infectious diseases such as the dementia secondary to infection with human immunodeficiency virus (HIV). [47, 48] Although new ligands for the TSPO are currently under development, they are not ready for more general use in research or clinical settings. [47] Other techniques that are being developed for examining inflammation in the brain but are also not ready for general application, include magnetic resonance spectroscopy and resting state functional magnetic resonance imaging (fMRI).
Cytokine Effects on Neurotransmitter Function
Given that activation of peripheral inflammatory responses have been associated with mood and anxiety disorders and that peripheral immune activation can spread to the CNS, there has been great interest in the impact of cytokines and their signaling pathways on neurotransmitter systems known to be associated with depression and anxiety including serotonin, norepinephrine, dopamine and glutamate. There is a rich animal literature which describes the acute and sub-chronic effects of cytokines on neurotransmitter systems in the brain that has been extensively reviewed elsewhere. [49, 50] Therefore, the following discussion will focus on mechanisms by which cytokines can influence neurotransmitter metabolism with an emphasis on cytokine signaling pathways and enzyme systems involved in the synthesis, reuptake and release of relevant neurotransmitters. Of note, our attention will be focused on the potential disruptive effects of increased inflammatory cytokines on neurotransmitter function. Nevertheless, it should be appreciated that under physiologic conditions, cytokines play essential roles in neuroplasticity including neurogenesis, synaptic scaling and remodeling, long term potentiation, and learning and memory. [51] [52] [53] In addition, recent data suggest that activation of cytokines including TNF and IFN-gamma may play an important role in the molecular and behavioral response to antidepressants. [54] These findings underline the complexity by which inflammatory cytokines act in the brain and underscore the importance of identifying subgroups of patients with and without increased inflammation in the periphery and/or CNS for targeted treatment of the contribution of inflammation to behavioral disturbances.
Synthesis
There are at least 2 major pathways by which inflammatory cytokines can influence the synthesis of monoamine neurotransmitters. First, inflammatory cytokines and their signaling pathways can activate the enzyme, indoleamine 2,3 dioxygenase (IDO). [55] IDO converts tryptophan, the primary amino acid of serotonin, into kynurenine, thus potentially depleting the availability of serotonin in the brain. Activation of IDO in the brain has been shown to play a critical role in the development of depressive-like behavior in rodents in the context of both the administration of endotoxin and infection with the mycobacterium, Bacille Calmette-Guerin (BCG). [56, 57] Indeed, inhibition of IDO using 1 methyl-tryptophan (1-MT) or the use of IDO deficient mice has been shown to reverse the depressogenic effects of endotoxin and BCG in mice. In human studies, increases in kynurenine and decreases in tryptophan have been associated with major depression and depressive symptom severity in patients administered IFN-alpha for cancer or infectious disease. [58, 59] Of note, kynurenine can be converted to kynurenic acid (KYNA) in astrocytes and quinolinic acid (QUIN) in microglia, and patients treated with IFN-alpha has been found to exhibit increased KYNA and QUIN in the CSF, indicating that kynurenine can access the brain and be converted to its neuroactive metabolites (see below). [46] Another mechanism by which inflammatory cytokines can influence the synthesis of monoamine neurotransmitters is through the disruption of tetrahydrobiopterin (BH4). BH4 is an essential enzyme co-factor for tryptophan hydroxylase and tyrosine hydroxylase, which are the rate limiting enzymes for the synthesis of serotonin and dopamine (as well as norepinephrine), respectively. [60] BH4 is also required for the activity of phenylalanine hydroxylase which converts phenylalanine (Phe) to tyrosine (Tyr). The Phe/Tyr ratio has been used as an indirect measure of BH4 activity in the brain and has been correlated with increased inflammatory markers in medically ill patients and symptoms of depression in cytokine-treated patients and elderly individuals. [61] [62] [63] Recent data in IFN-alpha-treated patients have more directly linked the Phe/Tyr ratio with dopamine metabolism in the brain. [64] Indeed, significant correlations were found between this ratio and CSF concentrations of both dopamine and its metabolite, homovanillic acid. [64] Moreover, in this study, increased IL-6 in the CSF was associated with decreased CSF BH4.
Although inflammation and cytokines have been shown to induce GTP-cyclohydrolase I, an enzyme responsible for BH4 synthesis, [65] inflammatory cytokines can disrupt BH4 through two potential mechanisms. First, BH4 is an enzyme co-factor for the conversion of arginine to nitric oxide (NO) by nitric oxide synthase (NOS). [60] Inflammatory cytokines can stimulate NOS to produce NO. The increased activity of NOS can thereby increase the utilization of BH4 which is converted to BH2 during the reaction. Inhibition of NOS has been shown to both increase BH4 and dopamine concentrations in the brain of rats treated with IFN-alpha. [66] In addition to increased BH4 utilization, inflammatory cytokines also can contribute to an oxidative state through generation of both nitrogen and oxygen radicals. BH4 is very sensitive to oxidative stress which can lead to irreversible degradation of BH4 to dihydroxyanthopterin. [62] Reuptake Through activation of signaling pathways including mitogen activated protein kinase (MAPK) such as p38 MAPK, inflammatory cytokines have been shown to increase the expression and function of the reuptake pumps (transporters) for serotonin, norepinephrine and dopamine. Most of the work in this area has focused on serotonin where in both rat cell lines and rat midbrain and striatal synaptosomes, TNF and IL-1 have been shown to increase expression and activity of the serotonin transporter (SERT) in a time and dose dependent fashion in vitro. [67, 68] These effects were reversed by pharmacologic inhibition of p38 MAPK. Mice treated with endotoxin also exhibit increases in SERT activity which were paralleled by depressive-like behavior as reflected by increased immobility in the forced swim test and tail suspension test. [69] Both of these endotoxin-induced changes were reversible by administration of a pharmacologic p38 inhibitor. Consistent with these findings, in vivo data in maltreated rhesus monkeys has demonstrated a relationship between activation of p38 MAPK as measured in peripheral blood mononuclear cells and reduced concentrations of CSF 5-hydroxyindoleacetic acid, a primary serotonin metabolite. [70] MAPK pathways have also been associated with functioning of the dopamine transporter, where activation of MAPK kinase (MEK) has been shown to increase dopamine reuptake in cell lines, and treatment of rat striatal synaptosomes with MEK inhibitors was associated with a decrease in dopamine reuptake. [71] Release A third mechanism by which inflammatory cytokines can influence neurotransmitter function is through effects on release. For example, administration of IFN-alpha to patients with hepatitis C has been shown to increase the reuptake and decrease the release of radiolabeled dopa, the primary precursor of dopamine. [72] These findings may be related to the production of KYNA in the brain as a consequence of IDO activation as previously described. Indeed, intrastriatal administration of KYNA has been shown to decrease extracellular dopamine using in vivo microdialysis in rats, [73] an effect that appears to be mediated by the α7 subunit of the nicotinic acetylcholine receptor. [74] Inflammatory cytokines have also been shown to stimulate the release of glutamate from astrocytes and reduce astrocytic expression of glutamate transporters, potentially leading to increased glutamate excitotoxicity. [7, 75, 76] Of note, release of glutamate by astrocytes is more likely to access extrasynaptic NMDA receptors which have been shown to lead to decreased brain derived neurotrophic factor, which is important in neurogenesis. [77] Activation of IDO also leads to the production of QUIN which can directly stimulate the n-methyl-d-aspartate (NMDA) receptor, thereby further contributing to excessive glutamatergic signaling. [7] Increased CSF concentrations of QUIN have been associated with increased depressive symptoms in patients treated with IFN-alpha. [46] Finally, there is less known about the effects of inflammatory cytokines on other neurotransmitter systems in the brain that play a role in depression and anxiety including gamma-aminobutyric acid (GABA) and acetylcholine. Nevertheless, there is emerging data regarding interactions between inflammatory cytokines and these neurotransmitter systems that may have profound consequences for immune regulation. For example, studies in rodents have indicated that GABA can reduce the release of inflammatory cytokines through inhibition of NF-kB and p38 MAPK signaling pathways, [78] and decrease the progression of experimental autoimmune encephalomyelitis, an animal model of MS. [79] Interestingly, CSF from MS patients with enhanced brain lesions inhibited GABA transmission in mouse brain slices, an effect that could be blocked with an IL-1-beta, anatgonist. [80] These findings indicate that inflammation in the CNS may decrease GABAergic tone, which could further fuel inflammatory cytokine production. Additionally, inflammatory cytokines, such as IL-1, can increase neuronal acetylcholinesterase expression and activity, and has been shown to directly inhibit acetylcholine release from hippocampal neurons. [81, 82] Of relevance to inflammation, through binding to muscarinic receptors in the brain, acetylcholine has been shown to reduce cytokine production in the periphery through the "cholinergic antiinflammatory reflex". [83] Taken together, these findings indicate that a potential decrease in release of GABA and acetylcholine in the brain in response to inflammatory cytokines may promote inflammatory responses.
Cytokines and Neurocircuits
The panoply of mechanisms and pathways by which cytokines can influence neurotransmitter metabolism in the brain have led investigators to investigate which brain regions are most affected by the activation of the inflammatory response. Although some clues have been revealed by investigation of the neuropsychological changes induced by the administration of cytokines or cytokine inducers, the majority of studies to date have utilized neuroimaging strategies such as PET and fMRI to investigate the impact of cytokines on specific brain circuits. Taken together, the literature indicates that primary CNS targets include the basal ganglia (ventral striatum in particular) and the dorsal anterior cingulate cortex (ACC) (Figure 1 ). Other brain regions are also engaged including the amygdala, hippocampus, insula, dorsolateral prefrontal cortex and subgenual ACC. [33, 34, [84] [85] [86] The focus of this review will be on the basal ganglia and dorsal ACC.
The Basal Ganglia: Motor Activity and Motivation
Some of the first data on the involvement of specific brain regions in the effects of cytokines on the CNS were from patients receiving IFN-alpha for either cancer or infectious disease. Early findings were from PET studies examining glucose metabolism using 18F-fluorodeoxyglucose in these IFN-alpha-treated patient populations. [85, 87] Regardless of whether IFN-alpha was being administered for malignant melanoma or hepatitis C, independent studies revealed increased basal ganglia glucose metabolism that was most prominent in the caudate, putamen and globus pallidus. [85, 87] Interestingly, increased glucose metabolism in basal ganglia nuclei have been previously observed in Parkinson's disease, where it is believed to reflect increased oscillatory burst activity in basal ganglia neurons normally under inhibitory control of dopamine. [88] [89] [90] Consistent with this potential overlap of cytokine effects on the basal ganglia and Parkinson's disease are case reports of patients developing Parkinson's-like symptoms during IFN-alpha treatment that were relieved by levodopa. [91] In addition to these early neuroimaging studies, computerized neuropsychological testing of IFN-alpha-treated patients revealed motor slowing that correlated with symptoms of both depression and fatigue. [92] More recent studies have examined basal ganglia function in IFN-alpha-treated patients with hepatitis C using fMRI. These studies have revealed significant decreased activation of ventral striatal regions during a hedonic reward task, which in turn was highly correlated with decreased motivation and increased fatigue. [72] To further explore the potential neurotransmitter changes that might be associated with these alterations in basal ganglia function, PET imaging studies using 18-F fluorodopa (Fdopa) have been conducted. [72] Fdopa is taken up by dopaminergic neurons and converted by aromatic amino acid decarboxylase (AADC) into dopamine, which is then stored and ultimately released. PET imaging using Fdopa can measure both the uptake and turnover (release) of Fdopa, providing some insight into presynaptic dopamine function. Data from patients administered IFN-alpha have indicated that in regions that overlap with those identified in the fMRI study described above (e.g. ventral striatum) there was increased Fdopa uptake and decreased Fdopa turnover. [72] These changes in presynaptic dopamine function were also correlated with changes in behavior including depression, fatigue and other sickness symptoms including cognitive dysfunction. Increased Fdopa uptake may represent increased activity of AADC, which could be secondary to dopamine depletion (decreased synthesis) as described above. Indeed, increased AADC activity has been observed in the context of decreased dopamine availability or dopamine signaling for example after administration of the monoamine depleting drug reserpine or dopamine receptor antagonists (e.g. haloperidol), respectively. [93] The decreased dopamine turnover/release is also of interest and may reflect changes in CSF kynurenine metabolites such as KYNA which as discussed above have been observed in IFN-alpha-treated patients and have been shown to reduce dopamine release. [73] Consistent with observations in IFN-alpha-treated patients, investigators have also observed basal ganglia changes following the administration of other inflammatory stimuli including endotoxin and typhoid vaccination. For example, administration of endotoxin to healthy volunteers was found to lead to significant decreases in the activation of the ventral striatum to a monetary reward cue during fMRI scanning. [30] Decreased striatal activation was in turn associated with endotoxin-induced symptoms of depression. Vaccination of healthy volunteers with Salmonella typhi has also been associated with changes in neural activity in the basal ganglia. [32] Indeed, administration of typhoid vaccination was associated with increased activation in substantia nigra during a task of low-level visual stimulation. [32] Increased neural activity in the substantia nigra was in turn correlated with increases in IL-6 as well as psychomotor slowing. [32] Taken together, the consistency of neuroimaging data across immune stimuli suggest that basal ganglia nuclei are a primary target of cytokine effects on the brain, leading to changes in motivation and motor activity and likely being secondary to cytokine effects on dopamine function.
Anterior Cingulate Cortex: Anxiety, Arousal and Alarm
A second major CNS target of cytokines that has received considerable attention is the dorsal ACC. The dorsal ACC [Broadman's Area (BA) 24] has been shown to play an important role in error detection and conflict monitoring. [94] In addition, the dACC has been found to process social pain and therefore has been suggested to comprise a neural "alarm system", which can both detect and respond to threatening environmental stimuli in the social domain. [95] For example, activation of the dACC was found during a fMRI task of social rejection. [95] Indeed, activation of the dACC occurred during a ball toss game (called the "Cyberball" task) at a time corresponding to a point in the game when the subject was excluded (social rejection). dACC activation during social rejection was associated with emotional distress, and is consistent with the role of this brain region in processing social pain. [95] The dACC's downstream activation of the autonomic arousal system provides a further component of this alarm system which can thus both identify and respond to social threat cognitively, emotionally and physically. [96] Early work in patients treated with IFN-alpha using fMRI and a task of visuo-spatial attention demonstrated that chronic IFN-alpha administration was associated with increased dACC activation. [97] Activation of the dACC was highly correlated with the number of taskrelated errors made by IFN-alpha-treated patients, whereas no correlation was found between dACC activation and task-related errors in controls. [97] Of note, the error rate for the task was low in both groups and did not differ between groups. Increased activation of the dACC in the context of low error rates has also been observed in individuals with hightrait anxiety. [98] In addition, increased dACC activation has been found in subjects with increased neuroticism and obsessive compulsive disorder, both of which are associated with increased anxiety and arousal as well as increased inflammatory markers. [99, 100] Administration of typhoid vaccination has also been shown to lead to increased dACC activation using fMRI and the Stroop task, which through its presentation of congruent and non-congruent stimuli has been shown in multiple studies to increase blood flow to the dACC. [33, 95] Interestingly, recent data suggest that the inflammatory response to a laboratory speech stressor as measured by the soluble TNF receptor II predicts the subsequent intensity with which subjects experience social rejection during the Cyberball task, indicating a link between the inflammatory and cognitive response to stress. [101] Taken together, these data indicate that cytokines can increase the reactivity of the dACC and thereby may increase sensitivity of the organism to the external environment especially as it relates to the potential threatening nature of social conspecifics.
The Evolutionary Context
When considering the possible adaptive nature of cytokine effects on the brain, it is readily apparent that the impact of cytokines on the basal ganglia leads to decreased motivation and motor activity, which in turn serve to reduce the metabolic costs of environment exploration, thereby conserving energy resources for mounting a fever, fighting infection and wound healing. [102] In contrast, activation of dACC pathways sounds the alarm and puts a wounded or sick animal that is vulnerable to attack on hyper-alert status (Figure 1) . Thus, in combination, the effects of cytokines on these neurocircuits subserve competing evolutionary survival priorities to lay low and conserve energy (the conservation/withdrawal response) while remaining on guard against future attack (the hypervigilance response). [102] While these behavioral priorities are an essential component of the successful immunologic response to trauma or infection, in the context of chronic inflammation, this response can quickly become maladaptive, leading to chronic withdrawal (depression) and hypervigilance (anxiety). [103] Interestingly, the survival and thus evolutionary value of an aggressive immune and behavioral response to infectious challenge cannot be overestimated, given the intensive selection pressure applied by childhood death secondary to infectious agents in ancestral (and even modern) environments. In an analysis of candidate genes that have been associated with depression and confirmed in meta-analyses of genome-wide association studies, many of these genes have direct roles in protection against pathogens, suggesting that the reason that depression-related genes have remained in the gene pool is related to their adaptive value in the microbial world, not the social world. [102] Indeed, increasing recognition is given to modern man's legacy of increased inflammation which not only includes a variety of medical disorders but also a host of neuropsychiatric diseases including both depression and anxiety. Thus managing inflammatory responses becomes a therapeutic challenge for many medical specialties including Psychiatry.
Summary and Conclusions
Based on the data gathered to date, there is strong evidence that there is a link between depression and anxiety disorders and inflammation. This link is most apparent in certain patients including those who are treatment resistant, victims of childhood maltreatment, and those who are obese. Although the behavioral responses that are associated with inflammation are an important part of the response to resolving an immune challenge, chronic activation of the inflammatory response (i.e. non-resolving inflammation) can contribute to states of depression and anxiety through a multiplicity effects on neurotransmitter metabolism and neurocircuitry relevant to these diseases. Translational implications include the identification of anxious and depressed patients with increased inflammation using relevant biomarkers including CRP, whose recommended classification into low (<1mg/L), medium (1-3mg/L) and high (>3mg/L), provides an excellent starting point for researchers and clinicians. Indeed, as described above, only depressed patients with a CRP >5mg/L showed meaningful separation from placebo in the context of treatment with a cytokine antagonist. While immune-targeted therapies may represent a viable option for many patients with increased inflammation and depression or anxiety, for some patients, especially those with chronic medical conditions (who may not tolerate aggressive antiinflammatory strategies), treatment may have to be targeted to the more downstream consequences of immune activation. Such targets may include the kynurenine pathway, the availability of BH4 and the impact of cytokines on dopamine and glutamate metabolism, which are not readily addressed by conventional antidepressant treatments. Nevertheless, the opportunity to personalize therapies for anxiety and depression through the identification of biomarkers which reflect activation of relatively specific and unique pathophysiologic pathways related to inflammation holds great promise for our field, and represents an important step in tailoring our treatments to optimize therapeutic success. Findings from neuroimaging studies in humans indicate that inflammatory cytokines can alter the function of key subcortical and cortical circuits that lead to conservation/ withdrawal (basal ganglia) and hypervigilence (dorsal anterior cingulate cortex -dACC). These behavioral responses have evolved to play an essential role in the highly integrated behavioral and immune response to infectious challenge and/or physical trauma. However, in the modern world, chronic activation of these responses can contribute to the development of disorders of depression and anxiety.
